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That an increase in the temperature of the medium, within limits, 
accelerates the embryonic development of fishes has been adequately 
demonstrated by several investigators.  This was studied by Danne- 
rig  (1895),  by Reibisch  (1902),  by Apstein  (1909),  and by Johansen 
and  Krogh  (1914)  in  several  species  of Pleuronectes  and  in  Gadus 
morrhua.  The development of two Japanese fishes, Hypomesus olidus 
and Plecoglossus altivelis, has been observed from this standpoint by 
Higurashi and Tauti (1926),  and Kawajiri (1927)  records similar data 
for the Japanese trout  (Oncorhynchus  mason). 
The  development of the mackerel  (Scomber  scombrus  L.)  has not 
previously been examined from this point of view.  A detailed study of 
the relation of temperature to the rate of development of the egg of 
this fish from the time of its fertilization until hatching was undertaken 
during the mackerel spawning seasons of 1931 and 1932 at the Woods 
Hole, Massachusetts, Station of the United States Bureau of Fisheries. 
It was especially desirable to record as accurately as possible the 
time necessary at different constant temperatures for the attainment 
of various embryonic stages of development, as well as the  time re- 
quired for hatching.  Secondarily, it was interesting to determine the 
upper and lower temperature limits for typical development.  Some 
information regarding mortality and survival at different temperatures 
was also obtained. 
Methods 
Ordinary fish hatching boxes were employed as constant  temperature water 
baths.  Reasonable  insulation for the thermostat is afforded by the walls of the 
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box, which are composed of wood an inch in thickness.  Regulation of temperature 
within each tank was obtained by use of a mercury thermoregulator equipped with 
a  nichrome needle.  This actuated a  relay-controlled heating lamp or series of 
lamps.  12 inch, 40 watt show-case lamps were used for this purpose. 
An ice funnel of the type described by Stier (1931)  was used as a cooling unit in 
each thermostat.  The hopper of each of these was made of battleship linoleum 
and made 3 feet in length so that at hatchery temperatures during the month of 
June it was necessary to replace ice only every 12 or 16 hours.  The funnel was 
supported at the desired level in the bath by means of a horizontal rod clamped at 
each end to a  large stand.  This arrangement was found somewhat more satis- 
factory than a pulley system and counterweight since the funnel was held much 
more  firmly in  place.  Washing of  the  chopped  ice  before  use  prevented  the 
accumulation of debris at the sieve in the funnel.  Water from melting ice was 
rapidly drained off through a rubber tube leading to an opening in the floor of the 
box. 
A  single motor and propeller mounted vertically served as a  stirrer and  pro- 
duced a satisfactory water circulation in each thermostat. 
Ripe adult mackerel were collected at fish traps and transported alive to the 
laboratory and stripped.  Eggs were fertilized artificially and placed in 250  cc. 
beakers nearly filled with sea water of the temperature at which fertilization had 
been effected.  During the half-hour subsequent to fertilization the beakers contain- 
ing the eggs were lowered into the baths and  supported with their mouths at the 
surface on ring-stands.  ½ to ~ of an hour was required for the beaker  water to 
assume the desired temperature after the beakers had been placed into the thermo- 
stats.  Almost without exception 15 cc. of eggs (approximately 13,000~ were placed 
in each beaker, but in a few instances the scarcity of eggs prevented this.  Usually 
two beakers containing eggs were placed in each thermostat at each temperature. 
Air, of the temperature of the bath, was bubbled through  the water of each 
egg beaker at a slow and nearly constant rate.  Air pressure was kept constant by 
means of a simple water manometer at the end of the main air line, and a screw 
clamp on each secondary air line above each beaker was used to regulate the air 
outflow.  Care was taken to avoid churning of the water in the beakers, so that 
the eggs would not suffer injury.  The air passed through a  bottle of sea water 
before reaching the egg beakers. 
The living mackerel egg is pelagic, while dead eggs sink.  This  fact greatly 
facilitated the daily removal of dead eggs from the hatching beakers by means of a 
large pipette.  Dead eggs were roughly counted at the time of their removal and 
the data secured in this way were used in obtaining figures concerning mortality 
and survival.  Water in the beakers was replaced each day with fresh sea water 
which had previously been brought to thermostat temperature. 
Eggs were developed in baths of constant temperature of 9  °, 10  °,  11 °, 12 °, 13 °, 
14  °, 15  °, 16  °, 17  °, 18  °, 19  °, 20 °, 22 °, and 24°C.  Temperatures of 10  °, 12 °,  14  °, 15 °, 
16  °  , 21 ° , 22 ° , and 24 ° were successfully run  during June,  1931.  Experiments at 
11 °,  18  °,  and  20  °  were spoiled.  During June,  1932, these experiments  were all LEONARD O.  WORLEY  843 
repeated with the exception of the 24  ° temperature,  and lots of eggs were run at 9  °  , 
13  °, 17  °, and 19  ° in addition.  Beckman thermometer readings  taken twice each 
day showed that the water temperature in a single thermostat beaker varied within 
limits  of 6/100°C.  during  the  several  days required  for the  completion  of an 
experiment. 
The stage of development  of each of ten eggs in each of the thermostats was 
observed at intervals  of about 2 hours during the day--less frequently at night-- 
during  the period of incubation.  In the early cleavage stages observations  were 
made every half hour.  Eggs removed from the thermostats for observation  were 
not replaced. 
The Normal Development of the Mackerel Egg 
The development of the mature, fertilized mackerel egg is very rapid 
and hatching may take place in  as  short a  time  as 48 hours at  high 
temperatures.  The  development of the  embryo mackerel  is  similar 
to that of the sea bass (Serranus atrarius) which has been described  in 
considerable  detail  by Wilson  (1891).  For  this  reason  only a  brief 
description will be given here. 
The fertilized egg divides first into 2, then 4, 8, 16, 32, 64, and 128 ceils.  These 
stages are very easily identified and were used as landmarks  of early development 
in these experiments.  They are, however, passed through so quickly that they are 
of little  use in  this  respect.  At low temperatures,  when development  proceeds 
relatively  slowly,  a  six cell stage  may occur and  a  twelve cell  stage  may not 
infrequently  be observed. 
Following the 128 cell stage, the cell walls of the peripheral  cells of the blasto- 
derm gradually disappear  and the nuclei of these cells escape into the periblast, 
undergo further division, and finally there is formed a periblast  ridge as a result. 
While the periblast  nuclei are multiplying and spreading over the yolk, the margi- 
nal cells of the blastoderm proper divide to form a "randwulst"  which appears first 
at one point and gradually extends until the entire  blastodisc is surrounded  by a 
germ ring.  The polarity of the blastoderm  is expressed by a  thickening  of the 
germ ring at its dorsal margin.  This thickening  subsequently  develops into the 
axial portion of the embryo proper.  The first appearance of disappearing periph- 
eral cell walls, the first  appearance  of  periblast  nuclei,  the  completion  of  the 
periblast  ridge,  the appearance  of the "randwulst," the completion  of the germ 
ring,  and the appearance of the head fold have been considered  fairly definite 
landmark stages in the development of the mackerel. 
Continued  ingrowth  of the anterior end of the blastoderm  is accompanied  by 
involution  and epiboly at the posterior  end and at this time  the embryo appears 
from the surface to be undergoing confluence.  The embryo by this period has a 
definitely elongate shape, extending for about 90  ° around the yolk, and epiboly or 
overgrowth of the yolk is about half completed.  Epiboly continues until the ceils 844  DEVELOPMENT  OF EGG  AT CONSTANT  TEMPERATURES 
of the germ ring push in from all sides at the posterior end and leave only a small 
opening, the blastopore, which then itself becomes closed and epiboly may be said 
to be complete.  Almost simultaneously, the anterior end of the embryo proper 
has undergone an extent of differentiation resulting in  the formation of the pri- 
mordia of the optic vesicles.  The stages during epiboly used as landmarks in this 
study have been called "half epiboly,  .... three-quarter epiboly," and "completed 
epiboly," or "blastopore closure." 
Somites or primitive muscle segments now become apparent in  the body of the 
embryo.  These multiply rapidly and their number at any time may be used as 
an index of the stage of development of the embryo as a  whole.  At 6 somites, 
melanophores make their first appearance; the heart becomes distinct at 10 somites 
and begins to show movement at 24 somites.  Chromatophores  appear  on the 
head at 18 somites.  The following terms have been used to indicate the stages of 
development just described:  "6 somites,  .... 12 somites,  .... 18 somites," and  "24 
~omites." 
After the heart begins to beat the somites become too numerous to be counted 
with ease, and then I have considered  the length of the embryo as compared with 
the  circumference of the egg the most satisfactory criterion of the progress of 
development.  At 24 somites the embryo in length covers somewhat less than two- 
thirds of the circumference of the egg, but continues to increase  in length until it 
forms a complete circle, and some time before hatching, the tail actually overlaps 
the head for a considerable distance.  Hatching merely involves the rupturing of 
the chorion which permits the escape of the larva.  The following landmark stages 
are frequently referred to in this paper:  "two-thirds circle," "three-fourths circle," 
"four-fifths circle," "five-sixths circle," "full or completed circle," and "hatching." 
This study of the development of the mackerel has considered  only the changes of 
the embryo which take place between the time of fertilization and hatching. 
Temperature  Limits  for  Normal  Development 
The  spawning  season of the mackerel at Woods Hole, during  1931 
and  1932  embraced the period from about May  15 to June 20.  The 
sea  water  temperature  at  Woods  Hole  during  this  period  increased 
from about 11.5 ° to 18°C. 
Early  June  experiments  demonstrated  that  mackerel  eggs  fail  to 
cleave normally at temperatures as low as 10  °, although they develop 
in a  typical manner at 11°C.  Embryos which were held at a  thermo- 
stat temperature of 8 °  displayed no development  whatever, although 
eggs  were  kept  under  observation  at  this  temperature  for  approxi- 
mately 48 hours.  The nuclei of eggs held at 8.5 ° underwent  division 
as many as four times, so that 16 nuclei resulted in each egg, but there 
was  no  cytoplasmic  division.  No  further  development  was  noted. LEONARD  G.  WORLEY  845 
At 9°C. the eggs cleaved irregularly up to the 128 cell stage; nuclei 
multiplied in the periblast and eventually an irregular mass of cells 
resembling a yolk cap with a completed periblast ridge formed, com- 
posed of irregular and relatively few cells.  No progress was observed 
at this temperature during the subsequent 48 hours and it was con- 
cluded that development had ceased.  At a  constant temperature of 
10"C.,  cleavage was irregular and obscured, making it impossible to 
identify the stages of development until the appearance of the optic 
vesicles.  Development, however, continued at the expected rate up 
to 18 somites.  Then it began to slow down and although some of the 
embryos attained the approximation of a  five-sixths circle stage, the 
appearance of this stage was very much delayed.  None of the em- 
bryos developed beyond this point and all finally died.  The length 
of the period of development at this temperature up to hatching was 
computed from the time necessary for the attainment of 18 somites 
at this temperature as compared with the time necessary for the ap- 
proximation of the same stages at 11°C.  Typical cleavage and develop- 
ment were secured at a thermostat temperature of 11°C. although the 
mortality was very great. 
Eggs failed to undergo typical development at temperatures above 
21°C.  At 22  °, for example, although a  few of the eggs appeared to 
develop in a  normal manner up to the time of the appearance of the 
head indentation, the majority cleaved in an irregular fashion and all 
were dead 22 hours after fertilization.  Similar results were observed 
at 24°C. 
It was concluded that during the month of June at Woods Hole, 
typical development of mackerel eggs can be secured only between 
temperatures of 11  ° and 21°C.  Temperatures above and below these 
limits  have  resulted  in  abnormal  development under  experimental 
conditions. 
Mortality and Survival of Mackerel Eggs at Di~erent Temperatures 
Mortality of mackerel eggs under laboratory  conditions is great. 
Dead eggs were removed from the beakers used for egg hatching in 
the thermostat every 24 hours and measured in cubic centimeters or 
counted directly.  At all temperatures the percentage reaching hatch- 
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At temperatures of 9  °, 10  °, 21 °, 22 °, and 24°C. the mortality during 
the incubation period amounted to 100 per cent.  A certain percentage 
of survival was secured at all temperatures included within these limits. 
The percentage of survival was greatest at 16  ° during both 1931 and 
1932,  where the mortality averaged 43 per cent.  Between this opti- 
mum temperature and the extreme high and low temperatures there 
was a  progressive increase in mortality.  This is recorded in Fig.  1, 
in  which the total percentage of eggs dying at  each temperature is 
given; no data were secured at 17  ° or 19  ° . 
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FIG. 1.  Mortality of mackerel eggs at different constant temperatures.  The 
total percentage of eggs dying is plotted  along the ordinates; the temperatures 
along the abscissae. 
Eggs placed in  9  °  thermostats all  died within 96  hours.  At this 
temperature, development, if completed, would be expected to occupy 
a  period of approximately 9  days.  These embryos were, therefore, 
killed before development was half completed and the greatest per- 
centage of mortality occurred during the third 24 hour period.  It was 
found impossible to determine from an examination of the eggs at what 
stage death had occurred, and even the stage of development of the 
living eggs could not be told,  due  to atypical cleavage and obscured 
development. 
100 per cent mortality was experienced at 10°C. although a few eggs LEONARD  G.  WORLEY  847 
TABLE  I 
Mortality  of Mackerel Eggs at Different  Temperatures 
In  this table,  the percentage  of  the  total  number  of eggs originally  placed  in 
thermostats  that  died during each 24 hour period  of incubation during  1931  and 
1932, is given. 
Dying  Dying  i 
1st day  2nd day i 
per cent  per cent 
30  8 
17  17 
10  40 
40  14 
25  10 
10  5 
13  33 
17  13 
10  10 
15  5 
13  40 
17  17 
20  18 
20  13 
20  I0 
27  13 
10  10 
46  23 
47  30 
53  37 
93  7 
93  7 
Dying  Dying  Dying  Dying  Dying  Dying  Total 
3rd day 4th day  5~ day  6th day  7th day  8th day  dying 
per ce~  y ce~  ~ r ce~  per cent  per cent  per cent  per cent 
49  3  ~  --  ~  100 
66  --  --  --  100 
50  --  --  100 
26  6  3  3  6  3  100 
5  5  5  15  25  m  90 
10  5  5  40  20  m  95 
17  6.5  6.5  10  --  --  86 
13  3  0  13  --  --  59 
5  5  0  30  m  --  60 
5  0  ~0  25  --  --  80 
7  0  3  --  --  83 
4  1  7  --  --  66 
3  0  --  51 
7  3  ~  53 
7  --  37 
0  --  40 
66  --  86 
27  --  --  96 
--  --  --  77 
--  --  90 
--  --.  100 
--  --  100 
--  100 
Temperature  Season 
°C. 
9 
10 
11 
12 
13 
14 
15 
16 
1932 
1931 
1932 
1932 
1931 
1932 
1932 
1931 
1932 
1932 
1931 
1932 
18  1932 
20  1931 
1932 
21  1932 
22  and  24  100 
were  well  into  the  circle  stages  before  they  died.  The  majority  of 
the  eggs  died  during  the  period  of  germ  ring  formation  which  fell 848  DEVELOPMENT  OF  EGG AT  CONSTANT TEMPERATURES 
during the third 24 hour period of incubation.  The somite multiplica- 
tion periods were also stages of high mortality at this temperature. 
At 1 I°C. the period of germ ring formation and the somite multipli- 
cation stages again were periods of high mortality and this was also the 
case at 12  °,  13  °,  14  °, and  15°C.  At 20  °, 21 °, 22  °, and 24  °, the stages 
of germ ring formation and epiboly come within the first 24 hour period 
of incubation  and  the greatest percentage of mortality falls  here  as 
well.  At 22 ° and 24  °, 100 per cent mortality appears during the first 
24 hour period.  Apparently the  stages of  germ  ring formation and 
epiboly and the somite multiplication stages are critical periods in the 
development  of  the  embryo of  the  mackerel.  Table  I  summarizes 
the data on the mortality of eggs; the percentage of the total number of 
eggs originally placed in the thermostats that died during each 24 hour 
period  of incubation  is given  for each temperature.  The  total  per- 
centage dying is recorded in the final column. 
Determination  of the End-Point of Incubation 
Mackerel eggs which have all been fertilized at the same time and 
allowed to develop at the same temperature in the same thermostat do 
not hatch simultaneously.  This "hatching period" may extend over 
many hours,  particularly  at  low temperatures.  At  higher tempera- 
tures it is much shorter; there is a progressive increase in the length of 
the hatching time with a  decrease in temperature.  At temperatures 
ranging between 20  °  and  17  °  the hatching time amounts to between 
3 and 6 hours; between 16  ° and  14  ° it occupies from 6 to 10 hours; at 
13  °  and  12  °  approximately 12 hours are required; while at  11  °,  16 or 
more hours are necessary. 
It was found advisable to adopt some consistent method for the determination 
of the  end-point for incubation,  applicable  to all temperatures.  The method 
adopted involved the plotting of a frequency curve for hatching and the use of the 
time corresponding  to the crest of the curve as the end-point.  To obtain an 
unbroken frequency curve it is necessary to note the time when the first larva 
hatches and to count the number hatching per unit time until hatching is com- 
pleted.  Half-hour periods were used as units of time for the higher temperatures, 
while at temperatures between 11  ° and 14  ° units an hour in length were found more 
satisfactory.  Complete curves were obtained for only a  few  temperatures, al- 
though in all cases the crest of the curve was accurately determined.  Often it was 
not discovered that hatching had commenced until sometimes as much as 2 hours 
afterward and the initial portion of the curve suffered as a consequence.  In some LEONARD  G.  WORLEY  849 
instances,  too, it was found impossible for lack of time to continue observations up 
to the time of hatching of the last embryo and the final portion of the curve for that 
particular temperature was not completed.  Another difficulty of some importance 
expressed itself  occasionally,  for not infrequently  at the height of hatching eggs 
hatched more rapidly than they could be counted.  In such cases, as accurate an 
estimation of the number was made as the time allowed. 
For the most part, satisfactory  results were secured in plotting frequency curves 
for hatching at various temperatures and no difficulty was encountered  in finding 
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FIG. 2. Hatching data at 16°C. 
10 
The number hatching each half hour following 
the initiation  of hatching is plotted. 
the mode of any particular curve when, as was usually the case, a large number of 
eggs was carried through to hatching.  A histogram of the data secured at 16  ° is 
given in Fig. 2.  This is fairly typical of the results obtained at all temperatures. 
Rate of D~elopment to Hatching of Mackerel Eggs at Differen~ Constant 
Temperatures 
Between  11  °  and  21°C.  the time  required  for  the  development  of 
mackerel eggs from the time of fertilization to hatching decreases from 850  DEVELOPMENT  OF  EGG  AT  CONSTANT  TEMPERATURES 
177 hours to 49½ hours.  In other words, such an increase in tempera- 
ture more than trebles the speed of development.  The Q10 figure for 
the process is, therefore, about 3.6, indicating, in accordance with the 
principle  of  van't  Hoff  (1884),  that  the  reaction  is  of  a  chemical 
nature.  The  QI0  ratio  is,  however,  not  constant  throughout  the 
temperature range from 10-21 ° as Table II indicates. 
It was originally planned to carry mackerel eggs only once at each 
constant temperature within the limits  of tolerance for this species, 
but time was found to repeat during 1932 some of the experiments of 
the previous year as a check on the early results obtained.  Tempera- 
tures of 12 °  , 14  °  , 15  ° , 16  ° , and 21 ° were repeated in  1932.  Practically 
TABLE  II 
QIo Values for Mackerel Egg Hatching 
Temperature  limits  Qio  value 
°c. 
10-20 
11-21 
10-15 
11-16 
12-17 
13-18 
14--19 
15-20 
16--21 
3.66 
3.57 
4.16 
4.06 
3.90 
3.76 
3.46 
3.52 
3.52 
perfect agreement with the 1931 results was secured at the 16  ° and 21 ° 
temperatures, but discrepancies were noted in the others.  The modes 
of hatching times in the two experiments carried on at 12  ° fell 4 hours 
apart.  This may be due to the  fact that the incubation period and 
the period of hatching are so long at this temperature. 
No great agreement could be obtained with regard to the length of 
the incubation period at temperatures of 14  ° and 15  °, although these 
experiments were repeated twice in the  first case and carried on four 
times in  the  second instance.  At  14  °  the  hatching modes in  three 
experiments fell at 105, 109, and 117  hours after fertilization; at 15 °  , 
the modes for hatching fell at 93, 99,  101, and 101½ hours respectively 
after the time of fertilization, in four experiments at this temperature. Q 
Q 
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The  variation  in  the length of the incubation  period  at  these two 
temperatures may be due to the fact that these temperatures are so 
close to a  critical temperature for many biological processes which is 
said to occur in the vicinity of 15°C. (Crozier, 1926), and in the present 
case for rate of development (Fig. 3).  Figs. 3, 4, and 5 demonstrate 
the relation of temperature to the rate of development to hatching of 
mackerel eggs. 
The log of the rate of development to hatching (log 1/t) is plotted 
against the reciprocal of the absolute temperature (1/T  ° abs.) in Fig. 3. 
Two straight lines, intersecting in the vicinity of 15  ° , are apparent. 
The calculated # for the rate of hatching above 15 ° is found from the 
curve to be approximately 19,000  calories.  Below 15  °  a  value  #  = 
24,900  is obtained.  These values of #  coincide relatively well with 
values previously obtained for the development of organisms including 
fishes (Crozier, 1926).  The rate of development to hatching (l/t) is 
plotted against the temperature in degrees Centigrade in Fig. 4.  The 
graph consists of two curves which intersect near 15  °.  In Figs. 3 and 
4, 2 points are plotted for 12  °, 3 for 14  °, 4 for 15  °, 2 for 15  °, and 2 for 
21  °.  When more than one point is at hand for a certain temperature, 
the curve has been drawn as nearly as possible through the average of 
the several points plotted from the data. 
Rate of Attainment of Various Embryonic Stages at Different  Constant 
Temperatures 
Considerable  attention  has  been  devoted  to  the  length  of  time 
necessary for the attainment of various embryonic stages in develop- 
ment.  Twenty-eight stages in development, including hatching, have 
been considered.  These have been listed above.  Figs. 5 and 6 sum- 
marize these data. 
The time necessary for the attainment of various embryonic stages 
at different temperatures is displayed in Fig. 5.  The points indicated 
in this graph are averages in many  cases of two or more readings. 
In many cases, however, the point plotted represents but one observa- 
tion.  Observations are lacking in the case of some stages at certain 
temperatures and points  are omitted on the graph  in  consequence. 
A missing reading indicates that  observations fell before or following 
the approximation by the eggs of the stage in question. 85~  DEVELOPMENT  OF  EGG  AT  CONSTANT  TEMPERATURES 
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FIG. 6.  Data on the development  of the mackerel.  Eight different end-points 
have been selected for each temperature: 
A.  Full circles.  B.  Five-sixth  circles.  C.  Four-fifth  circles. 
D. Three-quarter circles.  E.  24 somites.  F.  18 somites. 
G.  12 somites.  H.  6 somites. 856  DEVELOPMENT  OF EGG AT  CONSTANT TEMPERATURES 
The stage of development of each of ten embryos was noted at the 
time of each observation.  Usually, especially after  development had 
proceeded for several hours, more than one stage was represented in 
a single lot of eggs at one time.  The points plotted in Fig. 5 represent 
the mean times.  The stages in development are listed here in order 
along the ordinate and the time required to reach each of these stages 
is plotted on the abscissae for each temperature.  The points represent- 
ing any given temperature are connected.  The fact that this graph 
is based upon actual observations only, accounts for the failure of the 
lines connecting points to follow an entirely even course.  The time 
between successive observations sometimes amounted to several hours, 
particularly at night; consequently, the time recorded as necessary for 
the  attainment  of a  given  stage  may actually be  too  great  by an 
amount  almost  equal  to  the  length  of  time  between  successive 
observations. 
Thermal increments have been calculated for the speed of arrival at 
each of eight of the later embryonic stages; i.e.,  6 somites, 12 somites, 
18  somites,  24  somites,  three-quarters circle, four-fifths circle, five- 
sixths circle, and full circle.  These are displayed in Fig. 6.  Probable 
errors are indicated for as many points as the data allowed.  There is 
no great disagreement in the values of # obtained for these stages and 
those manifest from the hatching data within the temperature limits 
used.  The  curves  for  the  different  stages  plotted  are  essentially 
parallel.  The few discrepancies may, perhaps, be accounted for by 
the fact that  the end-points for these stages were not  as  carefully 
determined as were those for hatching.  The critical temperatures for 
each stage fall in the vicinity of 15  ° .  It will be noted that the proba- 
ble errors are greatest at this temperature.  The close agreement of # 
values for developmental stages and those of hatching indicates that 
the temperature characteristics for "average rates of development"are 
not influenced by the end-points chosen.  The rate of differentiation 
up to hatching seems to be governed by one process throughout. 
SUMMARY 
1.  Mackerel egg development was followed to hatching at constant 
temperatures of 10  °, 11 °,  12 °, 13  °,  14  °,  15  °, 16  °, 17 °, 18  °, 19  °, 20  °, 21 °, LEONARD G.  WORLEY  857 
22 °,  and 24°C.  Experiment showed that typical development could 
be realized only between 11 ° and 21 ° . 
2.  The  length  of  the  developmental  period  increases  from  49.5 
hours to 207 hours when the temperature is lowered from 21  ° to 10°C. 
3.  The  calculated #  for the  development of the mackerel egg is 
about 19,000 at temperatures above 15  ° and approximately 24,900  for 
temperatures below 15°C.  15  °  is, apparently, a  critical temperature 
for this process. 
4.  The  calculated  values  of  /z  for  eight  stages  of  development 
preceding hatching, i.e.  6 somites, 12  somites, 18 somites, 24 somites, 
three-quarters  circles,  four-fifths  circles,  five-sixths circles,  and  full 
circles, are essentially the same as the #'s for hatching, indicating that 
the rate of differentiation up to hatching is governed by one process 
throughout.  Critical  temperatures for these stages approximate 15  ° . 
5.  The total mortality during the incubation period was least  at 
16°C. where it amounted to 43 per cent.  At temperatures above and 
below this there was a  steady increase in the percentage of mortality 
which reached 100 per cent at 10  ° and 21 ° . 
The author wishes to express his thanks to Mr. O. E. Sette, at whose 
suggestion this  study was  undertaken, to  Professor Leigh Hoadley, 
Dr. P. S.  Galtsoff, Dr. T. J. B. Stier, and others for suggestions made 
during  the  course  of  these  investigations,  and  to  Professor W.  J. 
Crozier for  assistance  in  preparing  the manuscript  for publication. 
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